We have functionally characterized the role of two putative mitochondrial enzymes in valine degradation using insertional mutants. Prior to this study, the relationship between branched-chain amino acid degradation (named for leucine, valine and isoleucine) and seed development was limited to leucine catabolism. Using a reverse genetics approach, we show that disruptions in the mitochondrial valine degradation pathway affect seed development and germination in Arabidopsis thaliana. A null mutant of 3-hydroxyisobutyryl-CoA hydrolase (CHY4, At4g31810) resulted in an embryo lethal phenotype, while a null mutant of methylmalonate semialdehyde dehydrogenase (MMSD, At2g14170) resulted in seeds with wrinkled coats, decreased storage reserves, elevated valine and leucine, and reduced germination rates. These data highlight the unique contributions CHY4 and MMSD make to the overall growth and viability of plants. It also increases our knowledge of the role branched-chain amino acid catabolism plays in seed development and amino acid homeostasis.
INTRODUCTION
Branched-chain amino acids (BCAAs; leucine, valine, isoleucine) serve as alternative energy sources for mammals (Harper et al., 1984) , plants (Binder, 2010) and bacteria (Massey et al., 1976) . Their similar catabolic pathways produce energy-rich intermediates such as acetyl-CoA and propionyl-CoA. Specific interest in the plant metabolism of leucine, valine and isoleucine has centered on finding mechanisms to either prevent the breakdown or increase the biosynthesis of these BCAAs, as they are essential in human diets and a requirement for animal feed (Ufaz and Galili, 2008) . The biosynthetic pathways of BCAAs are well characterized, yet many questions remain unanswered regarding their degradation, particularly for valine and isoleucine (recently reviewed by Hildebrandt et al., 2015) . BCAA degradation provides energy for plants during periods of extended darkness, early phases of germination, and late phases of senescence (Dunford et al., 1990; Che et al., 2002; Ishizaki et al., 2005; Ara ujo et al., 2010; Ding et al., 2012; Peng et al., 2015) . However, research over the last decade has shown that BCAA degradation may also play a critical role maintaining amino acid homeostasis and ensuring normal seed development (Ara ujo et al., 2010; Gu et al., 2010; Lu et al., 2011; Ding et al., 2012; Angelovici et al., 2013; Peng et al., 2015) . Our understanding of these additional roles is based on studies of the three shared reactions of BCAA degradation and those specific to leucine catabolism ( Figure 1) .
The initial reactions of BCAA degradation are catalyzed by branched-chain aminotransferase (BCAT) followed by branched-chain a-ketoacid dehydrogenase (BCKDH) and then isovaleryl-CoA dehydrogenase (IVD) before the pathway becomes amino acid-specific (Figure 1 ). Recent studies in Arabidopsis thaliana showed that genetic mutations affecting BCAT, BCKDH and IVD all resulted in plants exhibiting early senescence under prolonged darkness and altered free amino acid levels (in seeds and plants under darkness) compared with wild-type plants (Ara ujo et al., 2010; Gu et al., 2010; Angelovici et al., 2013; Peng et al., 2015) . In the mitochondrial leucine catabolism pathway, genetic mutations in methylcrotonyl-CoA carboxylase (MCCase) and 3-hydroxymethylglutaryl-CoA lyase (HML) also resulted in plants with altered free amino acid levels and early senescence (Lu et al., 2011; Peng et al., 2015) . Notably, MCCase mutants also showed abnormal reproductive growth phenotypes and decreased germination rates in seeds (Ding et al., 2012) .
Because BCAA degradation, and leucine in particular, is involved in maintaining amino acid homeostasis and ensuring seed development, we hypothesized that there are enzymes in valine degradation that are also involved in Figure 1 . Branched-chain amino acid (BCAA) degradation noting phenotypes of characterized genetic mutants. The symbols represent phenotypes observed in associated mutants. Those for CHY4 and MMSD are based on data presented in this work. AA, increased levels of leucine, valine and/or isoleucine in seeds or seedlings; G, decreased germination rates; E, defects in embryo development; BCAT, branched-chain amino transferase; BCKDH, branched-chain a-ketoacid dehydrogenase; IVD, isovaleryl-CoA dehydrogenase; MCCase, methylcrotonyl-CoA carboxylase; HML, 3-hydroxymethylglutaryl-CoA lyase; CHY, 3-hydroxyisobutyryl-CoA hydrolase; HIBDH: 3-hydroxyisobutyrate dehydrogenase; MMSD: methylmalonate semialdehyde dehydrogenase. these processes. In this paper, we present the growth phenotypes of mutants of two putative enzymes in the valine degradation pathway: 3-hydroxyisobutyryl-CoA hydrolase (CHY, EC: 3.1.2.4) and methylmalonate semialdehyde dehydrogenase (MMSD, EC: 1.2.1.27).
Earlier work predicted that eight 3-hydroxyisobutyrylCoA hydrolases (CHY1-CHY8) exist in Arabidopsis, which are thought to be localized to the mitochondrion, peroxisome and cytosol (Zolman et al., 2001) . These eight CoA hydrolases have long fueled a debate on the subcellular localization of valine degradation generally, with evidence pointing towards both peroxisomal and mitochondrial pathways (Gerbling and Gerhardt, 1988, 1989; Gerbling, 1993; Daschner, 2001; Zolman et al., 2001; Taylor et al., 2004; Angelovici et al., 2013) . The peroxisomal enzyme, CHY1, is the only confirmed CHY enzyme in Arabidopsis to date. Current reports suggest that CHY1 has a role in fatty acid b-oxidation (Zolman et al., 2001) , cold stress signaling (Dong et al., 2009 ) and benzoic acid metabolism (Ibdah and Pichersky, 2009 ), but likely not seed development and germination. Conversely, we describe here an embryo lethal phenotype associated with CHY4. This putative, homologous CoA hydrolase is localized to the mitochondrion, as determined by proteomic experiments (Millar et al., 2001; Heazlewood et al., 2004; Taylor et al., 2011) . Our findings suggest that CHY1 and CHY4 have distinct roles and that, unlike the peroxisomal pathway, the mitochondrial valine pathway appears to have an important role in seed development.
The last reaction of valine degradation is catalyzed by the enzyme MMSD (also known as ALDH6B2), also found to be mitochondrial by several proteomic-based experiments (Millar et al., 2001; Sweetlove et al., 2002; Taylor et al., 2004; Klodmann et al., 2011) . We show that mutations affecting MMSD result in phenotypes distinct from chy4-1 mutants, but still similar in that they impact seed development. Null mutants (mmsd-1) produced viable seeds, but exhibit wrinkled seed coats with reduced storage reserves and germination rates.
The reverse genetics approach revealed that disruptions in the mitochondrial valine degradation pathway affected seed development and germination. This suggests that the collective degradation of BCAAs is critical to the growth and viability of plants, but that CHY and MMSD have unique contributions compared with the other BCAA degradation enzymes.
RESULTS
Reverse genetics provides the opportunity to critically analyze gene function and subsequently the function of proteins in specific reactions or the overall health and viability of an organism. Here we used insertional mutants to more fully characterize the role of CHY4 and MMSD in plant development. Heterozygous T-DNA insertion seeds were obtained for mitochondrial CHY4 (chy4-1: SALK_002356) and MMSD (mmsd-1: WiscDSLox242A12) from the Arabidopsis Biological Resource Center (ABRC) or Nottingham Arabidopsis Stock Centre (mmsd-2: GK-849G06). Seed lines were screened by polymerase chain reaction (PCR) for viable homozygous mutants using primers that were gene or T-DNA specific. The location of the T-DNA insert for each gene was confirmed by PCR and DNA sequencing ( Figure S1 ).
CHY4 is essential for embryo development
Genotyping chy4 heterozygous plants resulted in no plants homozygous for the T-DNA (approximately 500 screened). Failure to obtain homozygous mutant plants suggested homozygous lethality for this gene. Further investigation of the seeds within mature siliques of chy4-1/CHY4 heterozygotes showed that 24% (of 378) of the seeds were phenotypically different than wild-type (Figure 2a,b) , which suggested a deficiency in endosperm or embryo development (Meinke, 1994a) . Confocal microscopy revealed that 21% (of 518) of the embryos arrested at heart stage , which confirmed our hypothesis that homozygous plants were embryo lethal. To ensure that the embryo lethality phenotype was indeed due to the null mutant, chy4-1/CHY4 heterozygous plants were complemented with the full-length CHY4 gene under a 35S promoter. The resulting genetically complemented plants produced fully developed and viable seeds similar to wild-type ( Figure 2c ).
MMSD is involved in seed development
We genotyped plants from heterozygous T-DNA insertion lines of MMSD, and confirmed the presence of two homozygous lines (mmsd-1 and mmsd-2) by PCR and DNA sequencing ( Figure S1 ). Reverse transcription-PCR (RT-PCR) studies of mmsd-1 plants confirmed complete loss of MMSD expression in Arabidopsis ( Figure S2a ). Plants homozygous for the mmsd-2 T-DNA insertion did not produce a null allele, but expression of the gene was reduced ( Figure S2b) .
The homozygous mmsd-1 line produced embryos that reached the full cotyledon stage of development, as seen in wild-type seeds (Figure 3a) . However, desiccated seeds exhibited a wrinkled appearance and weighed 20% less than wild-type seeds (Figure 3b,c) . Dissected mmsd-1 seeds produced less massive embryos (by approximately 48%) compared with wild-type, which could be the reason for the wrinkled seed coat. Null mmsd-1 plants complemented with a partial sequence of MMSD under a 35S promoter restored these phenotypes to near wild-type levels of seed weight, storage reserves and germination rates (Figures 3c, d, 4 and 5b) . The homozygous mmsd-2 seeds were also observed to have a wrinkled seed coat ( Figure S3a ) and also weighed less than wild-type seeds ( Figure S3b ).
We hypothesized that the differences in embryo mass were the result of decreased storage reserves. Proteins, lipids and carbohydrates constitute the majority of a seed's mass and serve as the necessary fuel sources for prephotosynthetic growth (Baud et al., 2002) . Soluble proteins were decreased by 20% in mmsd-1 seeds (Figure 4a ). Additionally, fatty acid levels were decreased, on average, by 50% in the more abundant types of fatty acids (18:1, 18:2, 18:3, 20:1; Figure 4b ). However, in the three samples there were no statistically significant differences in less abundant fatty acids (16:0, 18:0, 20:0) or in soluble carbohydrate levels ( Figure 4c ).
Free BCAAs constitute a very small portion of a seed's mass but still serve as additional sources of energy (Taylor et al., 2004; Ishizaki et al., 2005; Engqvist et al., 2009; Araujo et al., 2010) . Given that other BCAA degradation mutants showed increased levels of valine, leucine and isoleucine, we measured BCAA levels in mmsd-1 seeds ( Figure 1 ). Valine content in mmsd-1 seeds was almost threefold greater than wild-type (Figure 4d ), and leucine content was also increased over wild-type, but to a lesser extent (twofold greater). Average isoleucine content was higher in mmsd-1 seeds, but not statistically different from wild-type or mmsd-1 35S::MMSD complement seeds.
MMSD is involved in seedling establishment
Given the decreased levels of storage reserves and altered BCAA levels, we measured germination rates of mmsd-1 seeds. Compared with wild-type seeds, the null mutants had low germination rates that continued declining with seed age. Figure 5a shows germination rates of seeds after various times of storage, ranging from 3 to 9 months after harvest. Older generations of seeds exhibited very low germination rates and could not be rescued by the addition of sucrose or glucose, regardless of planting time postharvest ( Figure 5b ).
While defects in seed development could explain the germination phenotype, it is important to keep in mind that BCAA degradation continues through post-germination growth (Anderson et al., 1998; Lange et al., 2004; Peng et al., 2015; Czarna et al., 2016) . To determine if CHY4 and MMSD had elevated expression during early stages of seedling establishment, we isolated total RNA and measured gene expression from seedlings grown over 8 days following imbibition. CHY4 showed higher expression levels on day 2 compared with days 4-8 (Figure 6a ), similar to other genes in BCAA catabolism (Anderson et al., 1998; Lange et al., 2004; Peng et al., 2015) . In contrast, MMSD showed a trend towards increased expression over time, although not statistically different across each day (Figure 6b) . Therefore, the reduced germination rates of mmsd-1 could be due to a combination of lower seed storage reserves and the seedling's inability to catabolyze valine, which supplies the plant with necessary metabolites during this period of high metabolic activity.
MMSD-1 35S∷MMSD complement
We attempted to complement mmsd-1 null mutants with the full-length MMSD gene. However, we were unable to express the full-length gene using primers at the annotated start and stop codons of At2g14170.1 (www.arabidopsis. org). Upon further investigation, sequence alignment with other MMSD homologs revealed high sequence identity with Brassica (90%, XP_013661420), rice (75%, AAC03055), human (60%, NP_005580) and rat (59%, NP_112319) proteins. It also revealed that MMSD from Arabidopsis best aligned with the other sequences beginning at Met74 and not the annotated start codon ( Figure S4 ). Primers located at the annotated start codon and 64 bases downstream from the annotated start codon would not amplify cDNA in multiple reactions. Furthermore, when a primer was placed at the downstream ATG (corresponding to Met74), PCR resulted in amplification of a cDNA for MMSD (see XhoI and XmaI sites in Figure S1 ). Using this partial cDNA, we
(f) Figure 2 . Microscopy images showing chy4-1 embryo lethality. Light microscopy images of (a) wild-type, (b) chy4-1/CHY4 heterozygous and (c) chy4-1 35S::CHY4 complement siliques. All siliques were collected at the same time after flowering and captured at the same magnification. Confocal images of seeds from the same chy4-1/CHY4 heterozygous silique showed most embryos had progressed to torpedo or bent cotelydon stage (d), scale bar: 100 lm. Within a heterozygous silique,~21% of the embryos had arrested at heart stage (e), scale bar: 50 lm. Shape of embryo is artificially highlighted to aid visualization. (f) Stages of embryo development (Baud et al., 2002) . [Colour figure can be viewed at wileyonlinelibrary.com].
complemented mmsd-1 plants, which produced larger embryos and seeds with greater storage reserves and better germination rates compared with the null mutant line (Figures 3-5 ).
DISCUSSION
Seed development and germination can be characterized by seed shape and size, quantification of storage reserves and free amino acid levels, and germination rates. Changes in these parameters have been linked to numerous metabolic pathways, including BCAA degradation. The first three enzymes of BCAA degradation and those specific to leucine play a critical role during this developmental phase. These enzymes function in maintaining amino acid homeostasis and ensure growth during periods of high energy demand, likely through the more significant mitochondrial pathway. Our research focused on two proteins associated with mitochondrial valine degradation, a relatively unstudied pathway. Here, we demonstrated their importance in seed development and germination.
CHY4
In one of the first committed reactions of valine degradation, CHY4 converts 3-hydroxyisobutyryl-CoA to 3-hydroxyisobutyrate. This key metabolic reaction prevents the accumulation of the upstream metabolite, methacrylylCoA, which can serve as a Michael acceptor, and react readily and irreversibly with free sulfhydryl groups such as coenzyme A, glutathione and cysteine (Brown et al., 1982) . In humans, the congenital metabolic disease associated with human 3-hydroxyisobutyryl-CoA hydrolase (HIBCH) deficiency is characterized by neurodegeneration during the early stages of life, and is attributed to the accumulation of methacrylyl-CoA (Stiles et al., 2015) . Whereas the human genome codes for one CoA hydrolase, Arabidopsis codes for eight distinct hydrolases. This redundancy is presumed to prevent the accumulation of methacrylyl-CoA during high-energy stages of growth. Contrary to this apparent redundancy, null mutants of mitochondrial CHY4 are embryo lethal; growth is arrested at the heart stage of embryogenesis. The question then arises as to the function of the other CHY hydrolases as they could be sources for rescuing the chy4-1 lethality. Therefore, it is likely that they each have distinct roles, either in other metabolic reactions (as is the case for CHY1) or during other phases of development and growth. However, it is unclear as to the fate of the products of the CHY reactions in the peroxisomes (Zolman et al., 2001) , as the final reaction in valine degradation, which is catalyzed by MMSD, is only localized to the mitochondrion. (c) Average weight of desiccated mature seeds (per seed AESD) ***P < 0.01, **P < 0.05 as determined by one-way ANOVA for two independent trials of 100 seeds each. (d) Average weight per seed of embryo or seed coat AESD. ****P < 0.001, **P < 0.05 and *P < 0.1 as determined by two-way ANOVA for n = 3 of 100 seed samples. Embryos were extracted from desiccated mature seeds after imbibition to soften the seed coat for dissection. [Colour figure can be viewed at wileyonlinelibrary.com].
The complete degradation to propionyl-CoA would require a specific shuttling system between the organelles and such a system has yet to be identified. The lack of an apparent mitochondrial-peroxisomal shuttle and lethality of null mitochondrial CHY4 supports the hypothesis that the mitochondrial pathways of BCAA degradation play a critical role than during these periods of development.
MMSD
The last reaction in valine degradation includes the conversion of methylmalonate semialdehyde to propionyl-CoA by MMSD. When MMSD activity is compromised, seeds go through all the stages of embryo development but result in embryos with less mass. One possibility is that these embryos are actually smaller, and that during the desiccation phase of seed development the seed coat contracts and folds around the smaller embryo, giving the appearance of a wrinkled seed coat. The mmsd-1 seeds also exhibited reduced storage reserves, particularly fatty acids and soluble proteins, which are necessary for early germination events. This phenotype has similarities to that of wri-1 (wrinkled-1) mutants, which exhibits wrinkled seed coats and a significant reduction in seed oils due to compromised carbohydrate metabolism during seed filling (Focks and Benning, 1998) .
Additionally, mmsd-1 seeds have increased levels of valine and leucine compared with wild-type. This supports previous evidence that defects in BCAA degradation affect amino acid homeostasis during seed development (Angelovici et al., 2013; Peng et al., 2015) . Furthermore, the increased BCAA levels, particularly valine, could be the result of the metabolic switch that occurs when the seed enters desiccation (Fait et al., 2006) .
Phenotypes of a complement seed line and an additional mmsd mutant further support the observed characteristics in mmsd-1 seeds. Phenotypes were restored to near wildtype levels when mmsd-1 null mutants were complemented with a partial sequence of the annotated MMSD gene under a 35S promoter. Complements could not be generated with the full-length sequence due to lack of clarity regarding the location of the start codon and mitochondrial leader sequence. It is also unclear as to where the stop codon is located, as the splice variants show two possible sites ( Figure S1 ). Therefore, more work will need to be completed to determine the correct genetic sequence for MMSD.
A second homozygous mmsd allele also displayed a wrinkled seed coat and increased valine in seeds. Despite expression of MMSD transcript in this mutant, it is still possible that MMSD protein expression is compromised In all experiments: ****P < 0.001, ***P < 0.01, **P < 0.05 and *P < 0.1. Error bars represent SD. during development (Monte, 2003) . Immunochemical tests of MMSD will confirm this hypothesis. While mmsd-2 is not a null mutant, it displayed phenotypes similar to mmsd-1 and supports the significance of MMSD and valine degradation in seed development and germination.
The question then arises, why do disruptions of two different reactions in valine degradation result in different phenotypes? The answer is likely related to the associated metabolites of valine catabolism (Figure 1 ). CHY4 helps to ensure that methacrylyl-CoA does not accumulate in the cell. In chy4-1 mutants, methacrylyl-CoA likely accumulates and reacts with cysteine-containing proteins, glutathione or coenzyme A, preventing critical metabolic processes from occurring during early stages of seed development and subsequently resulting in embryo lethality. On the other hand, methylacrylyl-CoA is not likely to accumulate in mmsd mutants as functioning CHY proteins will keep the equilibrium shifted towards the production of methylmalonate semialdehyde (the substrate for MMSD). This is further supported by evidence in humans of the accumulation of other non-toxic BCAA metabolites such as 3-hydroxyisobutyrate in patients with mutations in ALDH6A1, which codes for the human MMSD (Marcadier et al., 2013) . The toxicity of methylmalonate semialdehyde is unknown; however, there is some evidence in Escherichia coli that malonate semialdehyde (another proposed substrate for MMSD) forms adducts to free amino groups (Kim et al., 2010) . Based on the relative reactivities of methacrylyl-CoA and malonate semialdehyde, it is not surprising that chy4-1 mutants result in embryo lethality whereas mmsd mutants are somewhat viable.
The observed phenotypes of the Arabidopsis mmsd mutants could be due to the absence of downstream products like propionyl-CoA or acetyl-CoA (Hildebrandt et al., 2015) . Propionyl-CoA likely gets converted to acetyl-CoA by the very same enzymes in valine catabolism (Lucas et al., 2007) . Acetyl-CoA then has the potential to be converted to citrate by citrate synthase and further utilized by the citric acid cycle in the mitochondria. Reduced citrate synthase activity would inhibit acetyl-CoA entry into the (a) Germination rates of different aged seeds at 8 days following imbibition. The age of the seed was determined from time post-harvest to planting, and each biological replicate contained 14-25 seedlings. (b) Germination rates of mmsd-1 with wild-type and mmsd-1 35S7MMSD complement seeds in the absence (control) or presence of 1% sucrose or 2% glucose at least 5 days following imbibition. The seeds used in this experiment were less than 3 months old (from time of harvest) and were at least 5th generation. Each biological replicate contained approximately 60 seedlings. Germination rates for mmsd-1 were statistically different from the other seedlings. There was no statistical difference between treatments for mmsd-1 seedlings. For both experiments: ****P < 0.001, ***P < 0.01 and **P < 0.05, as determined by two-way ANOVA for n = 3 or 4. Error bars represent SD. Figure 6 . Gene expression of (a) CHY4 and (b) MMSD during the first 8 days of development. Total RNA was collected from whole seedlings at the same time each day and gene expression levels were measured from 15 ng RNA by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Data were normalized to methionine aminopeptidase 2B (MAP2B) and then compared with expression on day 2. ***P < 0.01 and **P < 0.05, as determined by one-way ANOVA for n = 3 biological replicates, each containing three technical replicates. Error bars represent SD. cycle, resulting in phenotypes similar to those seen with mmsd mutants. However, Sienkiewicz-Porzucek et al. showed that reduced mitochondrial citrate synthase activity had "no effect on plant growth" (Sienkiewicz-Porzucek et al., 2008) . Conversely, the major source of acetyl-CoA comes from pyruvate via pyruvate dehydrogenase. Yu et al. did find that a mutation in the E2 subunit of pyruvate dehydrogenase does affect plant growth and development and free amino acid levels (Yu et al., 2012) . Therefore, because BCAA degradation is not the major source of acetyl-CoA for the citric acid cycle, it is likely that the phenotypes observed for mmsd mutants are not from the absence of downstream products, but instead from the accumulation of upstream metabolites.
Ultimately, our work contributes to the growing body of knowledge on the variety of approaches for increasing storage reserves and essential amino acids found in seeds and plants, an issue that is likely to only intensify as the world population increases and the farmable acreage remains inadequate (Plant Science Research Summit, 2013) . One could speculate that engineering BCAA catabolism could produce amino acid-rich seeds and positively impact human nutrition (Ufaz and Galili, 2008) , but several key issues remain. In particular, we demonstrated that disruptions in the valine pathway lead to embryo lethality or poorly developed seeds with reduced germination rates. This issue would need to be rectified before a greater impact could be accurately estimated. Until then, there is still much to learn regarding the involvement of BCAA degradation on plant growth and development. This is especially true for enzymes specific for valine and isoleucine degradation, as most have yet to be functionally or kinetically characterized.
EXPERIMENTAL PROCEDURES
All chemicals were purchased from Sigma-Aldrich (http://www.sig maaldrich.com) or Fisher Scientific (http://www.fishersci.com) unless otherwise noted.
Plant materials and growth conditions
All seed lines were obtained from The Arabidopsis Biological Resource Center (Columbus, OH, USA) or Nottingham Arabidopsis Stock Centre (University of Nottingham, UK). Wild-type Arabidopsis ecotype Columbia (Col-0) was used in all studies (obtained from ABRC). Unless noted, seedlings were surface sterilized and planted on soil (Sun Gro Metro-Mix 360), placed in 4°C for 2-3 days, then transferred to growth chambers. Plants were grown under 16-h-light/8-h-dark photoperiods at 21-23°C. Seeds were also surface sterilized and grown on plates using ½-strength Murashige and Skoog medium (Murashige and Skoog, 1962) and 1% (w/v) sucrose solidified with 0.8% (w/v) agar (Teknova) under the same growth conditions described above.
The heterozygous T-DNA mutant lines, SALK_002356 (chy4-1), WiscDsLox24A12 (mmsd-1) and GK-849G06 (mmsd-2), were screened using the primers listed in Table S1 . T-DNA insertion sites were confirmed by DNA sequencing. A homozygous chy4 mutant line was not isolated (see Results). Seedling establishment of homozygous mmsd mutants must be initiated by first growing seeds on 1% sucrose plates as described above. After 6-10 days, seedlings can be transferred to well-hydrated soil and covered during root establishment. The cover was removed once plant growth was established.
Both chy4-1 and mmsd-1 mutant plant lines (heterozygous and homozygous, respectively) were complemented with their respective genes. For CHY4, the full-length cDNA (U10305, including mitochondrial leader sequence, obtained from ABRC) was PCR-amplified using primers containing restriction sites for XhoI and XbaI. For MMSD, a 1605-bp sequence fragment containing XhoI and XmaI sites was PCR-amplified from expressed cDNA ( Figure S1 ). Following restriction digestion, the products were gel purified (Qiagen, http://www.qiagen.com) and ligated directly into pFGC5941 (GenBank Accession no. AY310901, obtained from Dr Chris Makaroff, Miami University) at 16°C, 16 h. Transformants were selected with kanamycin (50 lg ml À1 ), and positive colonies were confirmed by PCR and restriction digests of purified plasmid. Constructs were transformed into GV3103/PMP90 Agrobacterium cells and transferred into heterozygous chy4-1/CHY4 and homozygous mmsd-1 plants (Chung et al., 2000) . BASTA resistant transformants were selected and confirmed by PCR screening, restriction digests, and evidence for rescue of phenotype.
Measuring gene expression levels
Total RNA was isolated using PureLink kit (Life Technologies, http://www.lifetechnologies.com) according to the manufacturer's instructions, except for the following modifications: frozen, powdered plant material was resuspended in lysis buffer, vortexed, lysed with 21G syringe and then centrifuged at top speed in a microcentrifuge for 3 min at room temperature. The supernatant was then used according to the instructions. Oncolumn DNase treatment was performed as recommended by the manufacturer. cDNA was synthesized using the Verso cDNA synthesis kit with random hexamers. For semi-quantitative PCR experiments, cDNA was amplified using a touchdown thermocycle (Korbie and Mattick, 2008) . For real-time qPCR experiments, 15 ng RNA was amplified using SYBR green master mix (ThermoFisher Scientific, https://www.thermofisher.com) with associated no-template and no-RT controls using a 7500 Realtime PCR system (ThermoFisher Scientific, https://www.thermof isher.com). Methionine aminopeptidase 2B (MAP2B) was used as the housekeeping gene (Dekkers et al., 2012; see Table S1 for associated primers).
Microscopy
Siliques from heterozygous chy4-1/CHY4 plants, chy4-1 35S∷CHY4 complements and wild-type plants were dissected (Meinke, 1994b) and examined using an Olympus SZX-12 Stereoscope, and pictures taken with a Nikon D200 (Miami University). Confocal microscopy was performed on an Olympus FV500 Laser Scanning Confocal System using Fluoview software (Miami University). Seeds were fixed and stained (Braselton et al., 1996) , followed by clearing and mounting with methyl salicylate. Scanning electron microscopy (SEM) images were acquired on a Hitachi, S-3000N microscope (Doane University).
Weighing seeds
Batches of 100 seeds were weighed on an AD 6000 Ultra Microbalance (Perkin Elmer, http://www.perkinelmer.com).
Protein extraction and analysis
Proteins were extracted with the following modifications (Cocuron et al., 2014) . Biological replicates of wild-type, mmsd-1 and mmsd-1 35S∷MMSD complement seeds (15-20 mg) were finely ground and re-suspended in hexane:isopropanol (2:1). Lipids were removed by centrifugation at 2000 g for 5 min. The remaining pellet was placed in a heating block at 60°C and dried under a gentle stream of N 2 . Dried pellet was vortexed (on setting 8) for 15 min at 42°C in prewarmed extraction buffer (0.5 ml, 20 mM Tris HCl, pH 7.5, 150 mM NaCl, 1% sodium dodecyl sulfate). Soluble material was separated by centrifugation at 17 000 g for 10 min and subsequently transferred to a clean tube. A second extraction from the same pellet was performed as outlined, except the sample was mixed for 10 min. Soluble protein was quantified using the DC Protein Assay (Bio-Rad, http://www.bio-rad.com) with bovine serum albumin as the standard.
Carbohydrate extraction and analysis
Soluble carbohydrates were extracted from wild-type, mmsd-1 and mmsd-1 35S∷MMSD complement seeds according to Masuko et al. (2005) : 500 ll of 80% ethanol was added to microfuge tubes containing 24 seeds and homogenized using a glass Dounce homogenizer. Homogenization was repeated once more, and then samples were centrifuged at 15 000 g at 4°C for 10 min. The supernatant was placed in vacufuge for 3-4 h to dry. Samples were stored in a freezer until ready for analysis. Soluble carbohydrates were resuspended in water and analyzed using glucose as the standard and water as the diluent. Samples were quantified by adding 150 ll of conc. H 2 SO 4 and 30 ll of 5% phenol solution with 50 ll of sample or standard in a 96-well plate. The plate was heated in a 90°C water bath for 5 min, cooled and analyzed by reading the absorbance at 493 nm.
Fatty acid extraction and analysis
Seeds (~10 mg) were processed for gas chromatography-mass spectrometry (GC-MS) analysis by direct methylation (Larson and Graham, 2008) . Seeds were heated at 85°C for 1.5 h in 500 ll methanolic 1 N HCl and 450 ll hexane along with 0.206 lmol heptadecanoic (C17:0) as an internal standard. After heating, the solution was cooled to room temperature and mixed with 250 ll 0.9% NaCl (w/v). The organic phase (~200 ll) containing fatty acid methyl esters was removed to a GC vial, evaporated under N 2 , and resuspended in 400 lL hexane. Extracts were analyzed using the Agilent 7890A GC System equipped with a Zebron ZB-AAA 10 m 9 0.25 mm column (Phenomenex, http://www.phenomene x.com) with helium as a carrier gas and 5975C VL MSD (Agilent Technologies, http://www.agilent.com). Injection volume was 1 ll with splitless injection; the oven was heated to 110°C for 1 min, then ramped to 180°C at 20°C min À1 then to 221°C at 2.5°C min
À1
. Mass spectrometer limits were a low mass of 20 and a high mass of 550.
Amino acid extraction and analysis
Amino acids were extracted from 5 to 10 mg of seeds (Cocuron et al., 2014) . Samples were homogenized in 1 ml of approximately 100°C dH 2 O using a glass Dounce homogenizer. The homogenizer was rinsed with 500 ll 100°C dH 2 O and added to the sample. The homogenate was heated for 10 min at 100°C, then chilled on ice before centrifuging at 14 000 g at 4°C. The supernatant was then lyophilized to concentrate the sample. Each sample was resuspended in 300 ll of dH 2 O and centrifuged at 14 000 g at 4°C to pellet any insoluble material; 100 ll of the supernatant was then derivatized using the EZ: FAAST Physiological Amino Acid Kit (Phenomenex, http://www. phenomenex.com) and analyzed by GC-MS as described above, except 2 ll of sample was injected at 250°C with split 15:1 injection. The oven was heated from 110°C to 300°C at 10°C min À1 with MS limits between 45 and 450 m/z.
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